Abstract-The reverse-conduction capability of SiC MOSFETs can be used to further reduce inverter losses and increase efficiency. This paper presents analytical equations for modeling the reverse-conduction losses of SiC MOSFET inverters. The reverse conduction exhibits two loss mechanisms and they must be considered within a fundamental cycle. Loss modeling equations for various pulse width modulation schemes along with a comparison of loss reduction with these PWM methods are included.
I. INTRODUCTION
In addition to their much lower conduction and switching losses compared to silicon IGBTs, SiC MOSFETs offer another opportunity to reduce inverter losses and increase efficiency. During the freewheeling intervals with a positive voltage applied between the gate and source, a SiC MOSFET will conduct current in its reverse direction with lower conduction loss than the antiparallel diode [1] [2] [3] [4] [5] . The reverse conduction exhibits two loss mechanisms. At low current, the MOFET carries the current and presents a resistive loss mechanism. As the current increases and the voltage drop exceeds the diode threshold, the diode will also carry a portion of the current, resulting in a diode-like loss mechanism. To accurately model the reverse conduction losses, these two loss mechanisms must be considered even within a fundamental cycle.
Inverter losses can be estimated using detailed device models in circuit simulation [6] [7] or analytical equations derived from simplified equivalent circuit models [8] [9] . This paper presents analytical equations for modeling the reverseconduction losses of SiC MOSFET inverters. Loss modeling equations for various pulse width modulation (PWM) schemes along with a comparison of loss reduction with these PWM methods are included.
II. ANALYTICAL LOSS MODELING EQUATIONS

A. SiC MOSFET Reverse Conduction Loss Model
A conducting MOSFET can be modeled as a resistor and its average conduction loss can be computed from its rms current.
On the other hand, a forward-conducting diode can be treated as a resistor and voltage source connected in series for conduction loss estimation. The diode loss calculation thus requires both the dc and rms values of the current. 
where rsd1 is the resistance of the MOSFET; rsd2 and Vsd0 are the equivalent resistance and voltage source of the MOSFET and diode parallel circuit; Isc is the current corresponding to the diode threshold voltage that separates the two loss mechanisms.
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For a given reverse-conduction PWM duty, dfd, determined by the chosen PWM scheme, the two reverse-conduction loss components, PRCL_SW for the MOSFET only and PRCL_FD for the MOSFET and diode together, can be computed by (3):
The SiC MOSFET forward conduction loss and switching losses can be similarly derived but will not be included in this paper since they are well treated in the literature. The devices need to be thoroughly characterized versus current, voltage, and temperature to extract the parameters for computing the losses at the desired inverter operating conditions.
B. Sine Comparison PWM
The reverse conduction PWM duty for the sine comparison PWM scheme can be expressed by
where m is the modulation index and θ the load power factor angle. The reverse conduction loss components due to the two loss mechanisms can be computed by 2 3 sd1 RCL-SW sin 2 cos 2 cos cos 4 2 3 2 3 
C. Sine PWM with 3rd Harmonic Injection A 3 rd harmonic can be injected into the sine modulation function to increase the bus voltage utilization. The reverse conduction PWM duty for the 3 rd harmonic injection PWM scheme can be expressed by
The reverse conduction loss components can be computed by (8) and (9) 
D. Space Vector Modulation
The reverse conduction PWM duty for the space vector modulation scheme where the zero-voltage is equally distributed between the two zero vectors can be expressed by 
The conduction loss for MOSFET and the diode conducting simultaneously is expressed by 
E. Two-Phase Modulation
The space vector modulation becomes a two-phase modulation scheme by properly placing the two zero vectors. In this scheme, pulse modulation is performed over two of the three phase-legs while either the top or bottom switch in the third leg kept conducting over an interval of 60 degrees to reduce the switching losses. The reverse conduction PWM duty for the two-phase modulation can be expressed by (13). 
Again, analytical equations for the reverse conduction loss components are derived separately for each of the cases determined by the relationship between the threshold angle ϕ and the power factor angle θ, as shown in Fig. 4 . These equations are quite complicated. Due to the space limitation, only the equations for the first case, FD2   2  2   3   2  3   sin 2  3  sin 2  sin  3 2 2  4  2  3  8  4  3   3  3  sin  cos 3  8  3  2 4  6  2  3  3c o s 2  5 3s i n 2  cos cos  6  6  8  1 
III. LOSS MODELING RESULTS
Results are included here to illustrate the reduction of inverter conduction losses by employing the MOSFET reverseconduction during the free-wheeling periods. An inverter using the Wolfspeed all-SiC module, CAS325M12HM2, rated at 1.2kV and 3.7mΩ [10] is modeled in the loss comparison. The parameters are extracted from the datasheet and given in the appendix. Conduction loss reduction using MOSFET reverse conduction over the diode-only conduction for the four modulation schemes are computed by sweeping through current, modulation index, and power factor Figs. 5 and 6 plot the results for the peak currents of 50A and 250A, respectively. Molding results indicate the conduction loss reductions using the MOSFET reverse-conduction are similar among the four PWM schemes and significant at light load conditions. APPENDIX Table I lists the parameters of the Wolfspeed all-SiC module, CAS325M12HM2, rated at 1.2kV and 3.7mΩ. These parameters are extracted from the datasheet [10] and used in the inverter loss modeling. 
